ABSTRACT. Each spring, small ditches perpendicular to sugarcane rows (quarter-drains) 
Post-harvest residue has been shown to significantly reduce rainfall energy, which is largely responsible for soil erosion, by protecting the soil surface from raindrop impact. The primary benefits of crop residues are reduction of soil erosion, improvement of soil properties, and reduction of soil surface sealing effects (Schwab et al., 1993) . Dickey et al. (1986) reported that crop residue was increasingly being used as a major tool to reduce the loss of topsoil. Conservation practices encourage the use of residue as a protective blanket from rainfall and to enrich soil structure by increasing organic matter content. Blough et al. (1990) used countered slit treatment to determine soil erosion from residue cover and bare soil. They concluded that 30% of residue cover with slit treatment produced 25% less runoff and 50% less erosion than the bare soil. According to Brown and Norton (1994) , who examined the residue effect on erosion from consolidated ridges in a poorly drained silt loam soil, the average detachment rate and average flow velocity decreased 92% and 71%, respectively, with 45% corn residue cover. Gilley et al. (1986) stated that even small amounts of crop residue substantially reduced soil erosion.
Another method in controlling soil erosion has been an application of polymers to the soil surface. Polyacrylamide (PAM) has been a focus technology for reducing soil erosion due to environmental concerns related to negative impacts of soil erosion from irrigated agriculture. Sojka et al. (1998) reported that PAM, when applied to irrigation water, nearly eliminated soil erosion caused by irrigation. For more than a decade, PAM has effectively controlled soil erosion induced by irrigation water flowing in surface channels in the Northwestern region of the United States (Lentz et al., 1992; Sojka and Lentz, 1994; Trout et al., 1995) . Peterson et al. (2003) , who studied PAM effect on sediment yield in small experimental earthen waterways, reported that PAM solution applied to the channel's surface reduced sediment yield ranging from 93% to 98% in comparison to untreated channels. Lilleboe (1997) reported that in 1996 approximately 150,000 ha were successfully treated by PAM in the western United States. According to the USDA-NASS (1998) over 140,000 ha were treated with PAM nationally, mostly in the western states with Idaho having the maximum treatment area of 35,500 ha.
The new family of high molecular weight anionic PAM exhibits low toxicity to mammals and has a low content of residual monomer acrylamide, typically less than 0.05% (Stephens, 1991) . PAM degradation in soil systems occurs over time via chemical and biological hydrolysis, sunlight, temperature, and physical breakdown Tolstikh et al., 1992) at a rate of 10% per year (Azzam et al., 1983) . Bjorneberg et al. (2000) studied combined effects of residue cover and PAM on soil erosion. They stated that applying PAM to straw-covered soil controlled runoff, erosion, and phosphorus losses better than using either PAM or straw residue alone.
There have been many reports related to PAM application rates and methods. Shainberg et al. (1990) concluded that applying 20 kg/ha was most effective in maintaining a high infiltration rate, thus minimizing sealing and runoff. Addition of small amounts of polymers (10-20 kg/ha), either sprayed directly on the soil surface or added to the applied water, stabilizes and cements together aggregates at the soil surface and thus increases their resistance to seal formation (Shainberg and Levy, 1994) . According to Letey (1994) , PAM adsorption occurs mainly on the external surface of clay particles because the high molecular weight of PAM does not penetrate soil aggregates. PAM adsorption on soil particles is related to soil aggregate size and molecular conformation of PAM rather than whole soil surface area. Because of many reports related to high effectiveness of PAM in reducing soil erosion in western states, we used a high molecular weight of anionic PAM to determine if spray applying an aqueous solution of PAM directly to quarter-drain can also be effective in reducing soil erosion in these structures.
Historically, sugarcane residue has been removed by burning, which eliminated the benefits of maintaining residue cover, to reduce soil erosion. In addition, burning of residue increases the loss of organic carbon from these naturally low organic matter (<1.0%) alluvial soils. In Louisiana, 7 to 24 tons/ha of sugarcane residue is lost due to burning each year (Boopathy, 2004) . In recent years, however, burning cane has become objectionable to the general public because of health issues related to inhalation of smoke. Increasingly, it is difficult to justify this method as a Best Management Practice (BMP) of residue management. Environmental concerns about burning and public concerns for clean air, especially in newly developed suburban areas adjacent to sugarcane plantations, has also moved the sugar industry toward green cane harvesting that leaves all residue on the surface. Because of these concerns, there is a need to find economical alternatives for its management and to identify benefits from residue with respect to reducing soil erosion and improving soil quality.
Each year in early spring, quarter-drains are installed or refurbished perpendicular to the furrows in sugarcane fields to provide drainage of runoff water from furrows and route it to main surface drainage ditches. The installation of a new quarter-drain requires removal of about 0.065 m 3 of soil per linear meter of length, which is discharged (airborne) by the installation equipment over the adjacent field surface. Based on an average bulk density of 1.45 Mg/m 3 for clay loam soil, the mass of soil removed is about 90 kg/m (Kornecki et al., 2005) . Intense rainfall events during spring in Southern Louisiana commonly have rainfall energies that can severely erode topsoil in sugarcane fields, including the quarterdrains. Without adequate protection, sediment is eroded from the soil surface and is carried with surface runoff waters causing sedimentation to quarter-drains, culverts, and main ditches. The sediment build-up diminishes capacity and functionality of the surface drainage system within the field, thus requiring frequent cleanup and sediment deposit removal from surface ditches. This is especially important in the Lower Mississippi River Valley where flat agricultural land (slopes from 0 to 0.5%) provides only a limited outflow of runoff waters from sugarcane fields.
Residue protects the soil surface from raindrop impact, thus reducing soil particle detachment. In addition, transport capacity is reduced because crop residue forms a complex series of small dams that slow the runoff's velocity. Therefore, maintaining good functionality of the surface drainage system including quarter-drains is essential to provide adequate drainage for optimum sugarcane growth.
To address erosion/sedimentation in quarter-drains, two different sugarcane post-harvest residue management practices and PAM treatment to quarter-drains were investigated to determine benefits from sugarcane residue and PAM under Southern Louisiana weather conditions. The objective of this study was to evaluate the effectiveness of sugarcane residue left on the soil surface after harvest and PAM effectiveness applied as a water solution directly to quarter-drains in reducing soil loss/deposition from quarter-drains under natural weather conditions.
METHODS AND MATERIALS
Soil at the research site was a Commerce silt loam (fine-silty, mixed, nonacid, thermic, Aeric Fluvaquents). Following the 2002 fall harvest of sugarcane, residue in the amount of 8600 kg/ha was discharged by the chopper harvester and left on the entire study area. The residue mainly contained pieces of leaf parts chopped to 10-15 cm in length and finer pieces of sugarcane stalk. The residue was swept from the row-tops to the furrows spaced every 1.8 m using a three-row mechanical rotating brush. Sweeping of residue from the top of rows was required to provide adequate soil moisture and temperature conditions for the next growing season in 2003 (early spring) to optimize emergence of sugarcane. The width of sweeping from the row-tops was 0.4 m. Swept residue formed a band in furrow 1.3 m wide and maintained residue coverage of 71%.
An experiment was initiated to determine the effectiveness of residue cover and PAM on stability of freshly constructed quarter-drains on plots (0.2 ha) planted to sugarcane. A total of 12 identical (0.1 ha each) experimental units (6 plots) were used. For the residue treatment, residue was left on site after harvest and swept to furrows providing approximately 71% of residue cover. Comparison was made with similar quarter-drains on six experimental units where residue was removed by burning. The experiment was a split block design with two main treatments: (1) residue left on the field (Residue); (2) residue removed through burning (No-Residue). Within each residue treatment, two sub-main treatments were assigned: (3) PAM applied to quarter-drain (Residue + PAM) and (4) No Residue + PAM applied (PAM) treatment. Each treatment was replicated three times with measurements of cross-sectional area of the quarter-drain following each rainfall event. Statistical analyses were performed by (SAS, 2001) using appropriate GLM procedure. Treatment means were compared using Fisher's Least Significance Difference (LSD) (Steel and Torrie, 1980) at � = 0.1 significance level. To determine treatment effects for the whole experiment, statistical analyses were done across all rainfall events. Data were also analyzed on an individual rainfall event basis to illustrate cumulative treatment effects for the duration of the experiment.
The cross-sectional area of each quarter-drain was measured to determine soil erosion/deposition. Measurements were obtained at the same four locations (every 1.78 m) on each quarter-drain. The experimental design for each plot is shown in figure 1. The main ditch was located in the middle of each plot and two perpendicular 13.5-m long quarter-drains were constructed at the end of the plot with the opposite slope of 0.2% toward the main ditch. The initial cross-sectional area was measured immediately after quarter-drains were constructed or refurbished. 
SOIL DEPOSITION MEASUREMENTS
Following each rainfall event which produced runoff, soil deposition was measured in all quarter-drains. A custommade portable device was used to determine cross-sectional area of each semicircular quarter-drain selected grid points. The device, consisting of 19 equally spaced 6-mm diameter aluminum rods, was placed on the bench-marks (wooden stakes) and the rods carefully lowered until making contact with the soil surface of the quarter-drain ( fig. 2) . Overall, the device performed very well, requiring only occasional wiping of soil from the aluminum rods. This device could be scaled up in size to measure soil erosion or deposition in larger surface ditches especially in situations when runoff and sediment measurement data were not available.
Determination of the initial cross-sectional area was based on calculating areas of 18 trapezoids and summing them. Since the spacing between centers (b) of all rods is a constant, the initial cross-sectional area was calculated as a sum of trapezoidal areas ( fig. 3 The cumulative eroded/deposited area was calculated by subtracting the initial cross-sectional area from consecutive measurements following a rainfall event. The net eroded/deposited area was calculated by subtracting previous rainfall area from last rainfall event. A negative number of the cumulative/net area indicates erosion and a positive numberindicates deposition of soil. Next, the average void/deposition area was calculated for the full length of quarter-drain (sum of all voids/depositions from the full length of quarter-drain divided by number of measuring locations). The soil loss/deposition volume was calculated as:
Net soil deposited = Avg Net Area × length of quarter-drain; Cum. Soil deposited = Avg Cum area × length of quarterdrain.
The average soil bulk density of 1.45 g/cm 3 for these plots was multiplied by the void volume to obtain the mass of soil erosion.
A plastic container (890 L) and a submersible low pressure 3.2-L/s water sump-pump were used to prepare an aqueous PAM solution. The equivalent of 18-kg/ha anionic PAM was added to the circulating water. The mixing was done in minimum time and stopped as soon as PAM granules were not visible to provide a smooth solution without forming clusters which would otherwise plug the nozzles and inhibit the discharge.
On 23 April 2003, a high molecular weight (14 millions), having 30% anionic charge density with 100% active ingredient PAM (Floeger AN 934 SH, Chemtall Inc., Riceboro, Ga.) was mixed with water and sprayed directly on the bare soil in the quarter-drains at a rate of 18 kg/ha in one application (four nozzles at 4.5 kg/ha per one nozzle) with a concentration of 250 mg/L of water mixed by mechanical water pump. This was the maximum PAM concentration in terms of viscosity that could be handled by the nozzle and still provide an optimum coverage spray pattern. A three-pointhitch 115-L sprayer was used to spray PAM into quarterdrains. The sprayer had four nozzles (discharge of 5.5 L/min per nozzle) mounted on two opposite sides at the end of a square steel boom.
RESULTS AND DISCUSSION

TREATMENT EFFECTS
Soil deposition in quarter-drains was the main process observed in this experiment, and measurements represent the combined effect of treatments on the field (sediment transported from field and furrows) and sediment which originated in quarter-drains from side walls and transported through the quarter-drains. Sediment deposition in quarterdrains was related to unusually dry weather conditions and less intensive rainfall events. Rainfall depth during the experiment was only 21% of the average rainfall that normally occurs during that period. With a typical weather pattern in Southern Louisiana, soil erosion would be expected in quarter-drains rather than deposition because of higher flow volume and higher velocity of runoff water. Overall, there was a significant difference between main Residue treatments (p-value < 0.0001). No significant difference was found between PAM treatments (p-value ≤ 0.868). When averaged over four rainfall events residue cover reduced cumulative soil deposition in the quarterdrains by 28% relative to no-residue, i.e. from 13.8 kg/m for no-residue to 10.0 kg/m for Residue treatment, indicating that residue cover was mainly responsible for reducing soil deposition in quarter-drains. No difference in soil deposition was found between PAM (15.8 kg/m) and no-residue (13.8 kg/m) treatments. However, higher soil deposition in the quarter-drains for the PAM treatment might indicate that PAM provided some soil protection from erosion in the quarter-drains. Assuming that for both treatments the same amount of sediment was transported from furrows to quarter-drains; it appears that for PAM less soil from the quarter-drains was eroded so the net soil deposition in quarter-drains with PAM applied was higher. Although no difference was found between Residue + PAM (9.1 kg/m) and Residue (10.0 kg/m) treatments, Residue + PAM helped to further reduce soil deposition by 34% in comparison with the no-residue treatment (fig. 4) .
Cumulative soil deposition in quarter-drains for residue and PAM treatments after each rainfall event are shown in table 1. After the first rainfall Residue + PAM treatment (4.0 kg/m) resulted in the highest reduction of soil deposition (58%) in comparison with the no-residue treatment (9.6 kg/m). Cumulative soil deposition in the quarter-drain did not differ between residue (5.6 kg/m) and residue + PAM treatment (4.0 kg/m). Likewise, no difference was found between PAM (10.4 kg/m) and no-residue (9.6 kg/m), suggesting that residue cover mostly reduced soil deposition in the quarter-drains. Similar relationships were found after the second rainfall event. Cumulative quarter-drain soil deposition for the residue treatment was 10.3 kg/m and residue reduced soil deposition in quarter-drains by 28% compared with no residue (14.4 kg/m). No difference in soil deposition amount was found between residue (10.3 kg/m) and residue + PAM (9.6 kg/m) treatments. Residue + PAM provided the highest reduction of soil deposition (33%) in comparison to no-residue (14.4 kg/m) and PAM (14.3 kg/m). The cumulative soil deposition in quarter-drains following the third rainfall was similar to that for the second rainfall for all treatments and most likely was associated with its short duration and smaller amount of rainfall produced (13 mm). No differences were observed between residue (10.8 kg/m), residue + PAM (9.6 kg/m), and no-residue (13.4 kg/m). However, despite a lack of significant differences, residue + PAM provided the highest soil deposition reduction (28%) when compared with no-residue.
After the fourth rainfall, no difference was observed between residue (13.4 kg/m), residue + PAM (13.1 kg/m), and no-residue (18.0 kg/m), although, residue and residue + PAM treatments reduced soil deposition by 26% and 27%, respectively, in comparison with no-residue treatment. PAM applied to quarter-drains helped to reduce soil deposition, but only when residue was present on the field. Higher soil deposition was observed for PAM (22.4 kg/m) in comparison with no-residue treatment and might indicate that with PAM less erosion occurred in quarter-drains, assuming that both treatments received the same amount of sediment from furrows.
It appears that soil deposited in the quarter-drains was most likely caused by unusually dry weather that resulted in low runoff amounts had enough energy to transport sediment from furrows to quarter-drains rather than carrying sediment from furrows further downslope. Data indicate that the higher soil deposition in the quarter-drains of no-residue plots resulted from increased erosion on the bare soil from the field and in the furrows, which were exposed to rainfall energy and increased soil particle detachment. In addition, the heat from burning cane residue might decrease infiltration, contributing to increased runoff amounts from furrows that carry sediment. Robichaud (2000) , who studied the effects of forest fires on soil infiltration, stated that the heat from burning caused formation of hydrophobic substances on soil surfaces which decreased soil hydraulic conductivity by 10% to 40%. Sugarcane residue reduced sediment buildup in quarter-drains during the entire experiment presumably by intercepting rainfall energy, minimizing splashing, and lowering velocity of surface runoff in furrows (Schwab et al., 1993) . Savabi and Scott (1994) studied effects of residue covers on interception of rainfall energy and concluded that winter wheat residue significantly increased interception of rainfall energy when compared with the same amounts of less dense residues from corn and soybean. According to McGregor et al. (1990) , a 79% cover of wheat residue reduced soil erosion by 88% under simulated rainfall.
In addition to effective soil protection from erosion, residue plays an important role in carbon sequestration. According to Brady and Weil (1999) all plant dry tissue material contains ~42% carbon. During decomposition of sugarcane residue, approximately two-thirds of the carbon is used by microbes as a source of energy. However, about one-third of carbon is converted by microbes to soil organic carbon. Based on the amount of sugarcane residue discharged after harvest (8600 kg/ha dry mass) the total amount of carbon from residue is over 3600 kg/ha, thus 1200 kg of carbon per ha could be sequestered in the topsoil. This is especially important from the standpoint of building up the organic carbon level of low organic content alluvial soils (less than 1%) in southern Louisiana. When sugarcane residue is removed by burning, over 3600 kg/ha of carbon is released to the atmosphere as carbon dioxide. During burning other toxic gases are also released. There is a growing concern with smoke inhalation problems on newly developed residential communities and schools located close to sugarcane fields as human population around sugarcane fields increases. Smoke from burning sugarcane residue accounts for up to 21% of total air pollution in Louisiana which is known to cause public health problems such as asthma and emphysema (Boopathy, 2004) .
Based on visual observations and measurements of quarter-drains cross-sections, there was evidence of soil erosion from the sides of the quarter-drain in several measuring locations especially after the first rainfall. The highest erosion depth occurred for PAM and no-residue treatments at both side walls of the quarter-drains with an 8-mm erosion depth at the edges that progressed approximately 150 mm toward the quarter-drain's center with an erosion depth of 4 mm. However, it appears that the sediment found in the quarter-drains was transported with runoff from field and furrows and was much greater than the quarter-drain erosion, with deposition as the net result. The main reason for deposition was that very low runoff had insufficient energy to cause appreciable erosion to the quarter-drains. Low runoff was related to the dry periods with very low rainfall (105 mm) during the experiment. In a typical year during the similar period of this experiment, over 500 mm of rainfall is usually occurring in Southern Louisiana causing erosion to quarterdrains rather than deposition. A study of soil erosion in quarter-drains conducted by Kornecki et al. (2005) showed that with 368 mm of rainfall in a similar period in 2002, quarter-drains were eroded since runoff amount was much higher.
Second, abnormally dry and hot weather conditions in the spring of 2003 might have caused degradation of PAM because no precipitation occurred between the PAM application date (23 April) and 11 June when the first rainfall occurred. During that 49-day period, the direct sun exposure of treated quarter-drain soil to UV radiation caused the breakdown of PAM's long chain. Seybold (1994) stated that changes in PAM chemical composition were related to environmental factors such as sunlight, chemical hydrolysis, and mechanical degradation. Research has shown that the majority of PAM photodegradation caused changes in both the physical and chemical properties of polymer due to the absorption of energy via photons of sunlight having a sufficient energy to disrupt chemical bonds and to reduce the molecular weight of the degraded PAM (Caulfield et al., 2002; Kishore and Bhanu, 1988; Rabek, 1996) . According to Sohma (1989) , when a sufficient mechanical energy is transferred to the polymer chain, bond separation occurs causing the formation of free unstable radical species that further degrades PAM. Likewise, a study conducted by Bjorneberg (1998) indicated that PAM efficacy can be significantly lowered during the mixing and spraying process due to a reduction in PAM's chain length. Wallace (1986) also noted that PAM degrades during soil disruption such as cultivation causing soil surface separation and destroying the polymer's chain. During the first 49 dry and hot days of the experiment, we observed a formation of cracks throughout the soil surface in quarter-drains. It appears that the crack formation (break in cohesive forces at the surface due to shrinking soil) could also have caused irreversible mechanical degradation of PAM, thus further diminishing PAM effectiveness.
RAINFALL EFFECTS
To determine which rainfall event caused the highest soil deposition in the quarter-drains, net soil depositions for each of four rainfalls were averaged over all treatments ( fig. 5 ). There was a significant difference in net soil deposition between rainfall events (p-value < 0.0001). Data showed that the highest net deposition in quarter-drains was generated by the first rainfall (7.4 kg/m). There were no differences in soil deposition produced by rainfall 2 and 4 (4.7 and 4.3 kg/m). Rainfall 3 produced the least amount of sediment (0.3 kg/m), LSD = 1.35 ( fig. 5) .
To determine if the rainfall amount and rainfall intensity had an influence on soil deposition a simple regression analysis was performed. The regression results are shown in table 2. There was a poor correlation between rainfall amount and soil deposition in quarter-drains produced by each rainfall (R-square = 0.59 for residue + PAM treatment, with P-significance ≤ 0.231); however, no correlation was found between rainfall amounts and other treatments. Better correlation was found between rainfall intensity and soil deposition produced by each rainfall for all treatments with R-squares between 0.695 and 0.802, indicating that soil deposition was associated with rainfall intensity rather than rainfall amount (table 2) . Examining the contribution of each rainfall event to net soil deposition for all treatments, the data in table 2 indicate that each rainfall caused sedimentation in quarter-drains except after the third rainfall event. After the third rainfall erosion in quarter-drains was observed only for the No-residue treatment. It appears that exposing bare and unprotected soil to the highest rainfall intensity (6.4 mm/h), the third rainfall had enough energy to cause erosion to the quarter-drain, but most likely did not have enough energy to produce sediment and runoff contributions from furrows. Quarter-drains are an annual expense and these structures have to be refurbished each spring for sufficient transfer of runoff waters from furrows through the quarter-drains to main ditches. Typically, Southern Louisiana receives up to 1500 mm of rainfall per year causing soil losses over 9900 kg/ha (Bengston et al., 1995) . Our results showed that residue + PAM applied to quarter-drains reduced sediment deposition in quarter-drains by 42% compared to PAM. Assuming a 42% reduction of soil erosion from quarterdrains and furrows during a typical year, about 4200 kg/ha of sediment buildup in main ditches might be reduced by leaving sugarcane residue in furrows after harvest. Cleaning ditches is costly and a very time-consuming process. On the actual cost of cleaning ditches from our experiment site in St. Gabriel, a backhoe must be rented for two weeks (every other year) which amounts to $1400 ($700/week) and $2400 to pay a skilled operator. The operator cost was based on 40 hours per week (80 hours) and an operator wage of $30/hour. In addition, fuel and maintenance cost was $480. The recent increase in higher fuel prices most likely will increase this amount. Adding these costs, the total cleaning cost every other year is $4680 per 8 ha of sugarcane land ($585/ha). Therefore, an average the yearly cost for sediment removal from main ditches is $292/ha. With a 42% reduction of soil erosion, residue left on site would provide savings of $123/ha on a yearly basis. Adjusting for the actual cost for sweeping of sugarcane residue to furrows using mechanical sweeper that was $17/ha in 2004 in Houma Sugarcane Research Station, Louisiana (Viator, 2004) , the total yearly savings to sugarcane producers would be $106/ha.
SUMMARY AND CONCLUSIONS
Results of this study show that soil deposition in quarter-drains was the main process observed in this experiment, which occurred due to unusually dry weather conditions. Measurements obtained during the investigation represent the combined effect of treatments on the field and sediment transported through the quarter-drains. Based on four rainfall events with a cumulative rainfall amount of 105 mm, sugarcane residue left in furrows and residue left in furrows with PAM applied to quarter-drains reduced soil deposition in quarter-drains by 28% and 34%, respectively, in comparison with residue removed from site by burning.
The maximum treatment induced reduction in soil deposition to quarter-drains was observed after the first rainfall: The highest (62%) overall soil deposition reduction was observed with residue + PAM in comparison to PAM treatment. Residue reduced soil deposition in quarter-drains by 42% in comparison with no-residue (burned).
The lack of observed difference in soil deposition between residue and residue + PAM treatments indicates that residue cover left on the field was mainly responsible for reducing soil deposition in quarter-drains.
Adding PAM as a water solution provided only marginal protection from soil erosion in quarter-drains. This low PAM effectiveness is likely related to PAM's photo degradation caused by exposure to the sun's UV radiation or to mechanical shearing during mixing/spraying PAM solution.
Direct PAM application to quarter-drains might provide improved stabilization of these structures during a typical spring; however, sugarcane residue should be left in furrows since the residue efficiently reduces sediment transport from furrows.
Leaving sugarcane residue cover in furrows might provide multiple benefits in terms of reducing soil erosion, improving soil quality by increasing organic matter, minimizing negative environmental effects due to burning, and reducing the cost of sediment cleanup from surface drainage system on sugarcane land.
